We fabricated GaAs-based light-emitting diodes (LEDs) with three types of electron emitters, i.e., Fe/GaO x , Fe/MgO, and Fe/n þ -AlGaAs. The electroluminescence (EL) intensity from the LED with the GaO x layer was much higher than that from the MgO layer and comparable to a conventional LED with an n þ -AlGaAs Schottky contact. This indicates that GaO x is an effective tunnel-barrier material for injecting electrons from 3d-ferromagnetic metal into GaAs-based semiconductors, which is the key to developing semiconductor spintronic devices.
lectrical injection of spin-polarized electrons from ferromagnetic (FM) materials into semiconductors is the key to developing future spintronics devices such as spin-transistors. Spin-polarized light-emitting diodes (spin-LEDs) have been used as a powerful tool to study the spin-injection. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The spin polarization of the injected electrons can be estimated from the degree of circular polarization, P circ , of electroluminescence (EL). A tunnel contact should be formed between the FM metal emitter and semiconductor layers to achieve high P circ to avoid the socalled ''conductance mismatch problem''. 15, 16) In previous studies, two types of insertion layers have been employed to develop tunnel contact in GaAs-based spin-LEDs. The first is a heavily n-doped layer of n þ -AlGaAs (Schottky contact), 4, 5) and the second is a thin oxide layer such as AlO x [6] [7] [8] and MgO. [9] [10] [11] [12] [13] [14] The latter would be of greater advantage than the former to achieve high P circ at room temperature (RT), 9) device thermal stability 10) and control of junction resistance by tuning the barrier thickness. 17) However, the interface between these oxides and GaAs has high surface-recombination velocity due to their high interface-state density D it ($ 10 13 cm À2 eV À1 ), [18] [19] [20] resulting in poor electron-charge injection efficiency. This limits the feasibility of the AlO x and MgO in practical use. Therefore, the development of a novel oxide/GaAs interface having high electron-and spin-injection efficiencies is the next important issue toward attaining high-performance GaAs-based spin-transistors.
GaO x is a unique oxide having a very low D it for GaAs (10 10 -10 11 cm À2 eV À1 ), which is comparable to that of the SiO 2 /Si interface. 18, 19) We recently demonstrated a high magnetoresistance ratio up to 58% in Fe/GaO x / Ga 1Àx Mn x As magnetic tunnel diodes, 21) indicating that the injected electrons from the Fe/GaO x are highly spinpolarized. Moreover, a very low effective barrier height (0.10 eV) in Fe/GaO x /n-AlGaAs tunnel junctions has been reported. 22) These suggest that GaO x has a great potential not only for a high spin-injection efficiency but also for a high electron-injection efficiency. Therefore, it is necessary to examine the electron-injection efficiency of GaO x .
In this study, we prepared Fe/GaO x , Fe/MgO, and Fe/n þ -AlGaAs electron emitters on a GaAs/AlGaAs quantum well (QW). The relative electron-injection efficiencies of the emitters were evaluated by comparing their EL intensities, which are roughly proportional to the number of injected electrons. We demonstrate a significant increase in the electron-injection efficiency by using the GaO x layer.
We used a custom LED epiwafer grown by metal-organic chemical vapor deposition, which can guarantee the same quality as the GaAs/AlGaAs QW in the LEDs. The wafer structure was a GaAs (5 nm) cap layer/n-Al 0:2 Ga 0:8 As (100 nm, n ¼ 5 Â 10 16 cm À3 )/undoped-Al 0:2 Ga 0:8 As (20 nm)/ undoped-GaAs QW (10 nm)/undoped-Al 0:2 Ga 0:8 As (75 nm)/ p-Al 0:2 Ga 0:8 As (100 nm,
18 cm À3 ) substrate. A lightly n-doped layer is essential for the upper doped layer of a spin-LED due to its long-spin lifetimes and spin-diffusion length.
23) The wafer was introduced into the III-V molecular-beam epitaxy (MBE) chamber and heated at about 580 C under arsenic exposure to remove the surface-oxide layer. The wafer was then transferred into the metal/oxide MBE chamber, and Au (5 nm)/Fe (5 nm)/GaO x (3 nm) layers were deposited on the wafer by electron-beam evaporation at RT. Details on the experimental procedure to grow the metal/oxide layers can be found in ref. 21 .
The optical band gap, E g , of the single layer of reference GaO x film at RT was estimated to be 4.3 eV from the ðhÞ 2 versus h plot 24, 25) where is the optical absorption coefficient at photon energy h (Fig. 1) . The E g we obtained was much smaller than that for a stoichiometric GaO x (x ¼ 1:5) film of 5.04 eV. 25) This indicates that our GaO x layer is deficient in oxygen because the oxygen deficiency causes the E g to shrink. 25) We also prepared the same device structure with insertion layers of MgO (3 nm) and n þ -Al 0:2 Ga 0:8 As (15 nm, n $ 1 Â 10 19 cm À3 ) instead of GaO x . The former has attracted a great deal of attention as a tunnel barrier material due to its potential for high P circ at RT. [9] [10] [11] [12] The latter can create a narrow depletion region ($10 nm) at the Fe/AlGaAs interface that can enable electrons to tunnel into the (Al)GaAs layers. The use of the n þ -AlGaAs layer is a well-established technique for achieving high EL intensity. 4, 5, 8) Then, the EL intensity of the n þ -AlGaAs LED is a good reference to examine the ability of the electroninjection for the practical device applications. In addition, a film for LED without an insertion layer (i.e., Au/Fe/ epiwafer) was grown as a reference sample. The EL intensity from this sample is expected to be very low because a very wide Schottky-barrier region developed near the Fe/ n-AlGaAs interface.
Junctions (150 Â 150 m 2 ) were prepared with microfabrication techniques (e.g., photolithography, Ar ion milling, and SiO 2 sputtering). The Au/Cr pads for electrical contact were deposited on the junctions with a window opening of 100 Â 100 m 2 for optical access to the junction. The current-voltage (I-V ) characteristics were measured with the dc four-probe method by using a Keithley 4200-SCS. The EL spectra were detected by a spectrometer with a cooled charge-coupled device. All the measurements were carried out at RT. Figure 2 shows the I-V characteristics of the LEDs under bias direction where electrons were injected from the Fe into the (Al)GaAs layers. The n þ -AlGaAs Schottky LED exhibited typical I-V characteristics of the p-n junction. 26) From bias-V beginning at the change in the slope of the curve, the major transport mechanism can be identified as generation-recombination (up to about 0.7 V), electrondiffusion current (from about 0.7 to 1.3 V), and highinjection processes (above about 1.3 V).
26) It should be noted that the I-V characteristics of the GaO x -LED were quite similar to those of the n þ -AlGaAs LED. This strongly suggests that both LEDs have similar electrical-transport processes. Such characteristic features of the p-n junction, on the other hand, did not appear in the I-V data of the sample without an insertion layer. A linear relation was observed in this device up to about 0.7 V without a bias-V region during the generation-recombination process, implying that hole-diffusion current is the dominant transport process even in low bias-V regions. The I-V characteristics of the MgO-LED had an intermediate feature between LEDs with the n þ -AlGaAs layer and those without an insertion layer. For the MgO-LED, one can therefore expect to observe intermediate transport and optical properties between both LEDs.
The EL spectra of the LEDs at 10 mA are given in Fig. 3 . The spectra have been normalized by the peak intensity of the MgO-LED. Clear EL signals were observed in all LEDs except the sample without an insertion layer. No noticeable differences were recognized in the spectral shapes of the LEDs. The normalized EL peak intensities as a function of current are plotted in Fig. 4 . It should be noted that the EL intensity of the GaO x -LED was much higher than that of the MgO-LED and even comparable with that of the n þ -AlGaAs LED which strongly suggests that GaO x can be used as the tunnel emitter of the spin-transistor without a significant degradation in the device performances. It should be mentioned that our GaO x layer is deficient in oxygen as indicated in Fig. 1 . Even higher electron-injection efficiency is expected to be achieved by optimizing the growth conditions for the GaO x layer (e.g., two-step deposition process, 7, 8) post-growth annealing, 10, 14) and elevated growth temperature. 12, 14) The large difference observed in EL intensity between GaO x -and MgO-LEDs should originate from the different depletion region widths of the n-AlGaAs layer near the oxide/n-AlGaAs interface. We proved that the depletion region at the MgO/n-AlGaAs interface is much thicker than that at the GaO x /n-AlGaAs. 22) This means that hole injection from the p-(Al)GaAs layer into the Fe layer should be enhanced in the MgO-LED because the development of the depletion region increases the energy potential of the n-AlGaAs layer, which acts as barrier potential for holes, resulting in lower electron-injection efficiency (EL intensity) in the MgO-LED. Spin-dependent EL measurements in these LEDs are presently in progress to enable the electron-spin injection efficiency to be investigated.
In conclusion, we prepared Fe/GaO x , Fe/MgO, and Fe/n þ -AlGaAs electron emitters on a GaAs/AlGaAs QW and investigated their electron-charge injection efficiency by optical means. We found that the electron-injection efficiency of GaO x is much higher than that of MgO and even comparable to that of n þ -AlGaAs. This strongly suggests that the 3d-FM metal/GaO x tunnel injector is a promising component in developing high-performance GaAs-based spin-transistors.
